An ecological niche modelling (ENM) approach was developed to model the suitable habitat 36 for the 0-group European hake, Merluccius merluccius L., 1758, in the Mediterranean Sea. 37 The ENM was built combining knowledge on biological traits of hake recruits (e.g. growth, 38 settlement, mobility and feeding strategy) with patterns of selected ecological variables 39 (chlorophyll-a fronts and concentration, bottom depth, sea bottom current and temperature) 40 to highlight favourable nursery habitats. The results show that hake nurseries require stable 41 bottom temperature (11.8-15.0oC), low bottom currents (< 0.034 m.s-1) and a frequent 42 occurrence of productive fronts in low chlorophyll-a areas (0.1-0.9 mg.m-3) to support a 43 successful recruitment. These conditions mostly occur recurrently in outer shelf and shelf 44 break areas. The prediction explains the relative balance between biotic and abiotic drivers 45 of hake recruitment in the Mediterranean Sea and the primary role of unfavourable 46 environmental conditions on low recruitment in specific years (i.e. 2011). The ENM outputs 47 particularly agree spatially with biomass data of recruits, although processes such as fishing 48 and natural mortality are not accounted for. The seasonal mapping of suitable habitats 49 provides information on potential nurseries and recruitment carrying capacity which are 50 relevant for spatial fisheries management of hake in the Mediterranean Sea.
Introduction
Understanding spatial patterns in population dynamics is a necessary prerequisite to protecting critical habitats, and thus ultimately in ensuring sustainable management of fishery resources (Berkeley et al., 2004; Caddy, 2000) . Reducing fishing effort on juveniles in particular is vital if populations are harvested at maximum sustainable yield, especially in areas where juveniles are vulnerable to unselective fishing gears (Caddy, 2009) , as is often the case in the Mediterranean Sea (Colloca et al., 2013) . Furthermore, information on critical reproductive habitats provides an insight into the likely spatial structure of population units or stocks, whilst an insight into environmental conditions required for successful recruitment allows scientists and managers to better depict the interaction between environmental parameters and stock recruitment relationships. Information on the spatial aspects of population ecology and interactions with relevant ecosystem components are needed to implement an Ecosystem Approach to Fisheries Management (Link, 2013; Pauly et al., 2011) ). All the available assessments in the 84
Mediterranean Sea have underlined that the status of hake stocks is characterised by high 85 fishing mortalities on juveniles (Colloca et al., 2013) . Considering the large size that hake 86 can reach (more than 100 cm Total Length), coupled with a low size at first capture of the 87
Mediterranean fine-meshed trawling (Bethke, 2004) , the protection of hake nurseries has 88 been proposed as an effective measure to improve size composition of catches (Caddy, 89 1999) . 90
In order to identify appropriate areas to be closed to fishing, many authors have regionally 91 studied the spatial distribution of the European hake juveniles and identified the main 92 nurseries as areas where the highest concentrations of young-of-the-year remain remarkably 93 stable over the years (Carlucci et frontal zones. In the case of hake juveniles, feeding on vertically migrating preys is an 115 ecological characteristic that is presumably linked to the occurrence of chlorophyll-a fronts.
116
Feeding intensity of hake was significantly correlated with major phytoplankton bloom events 117 with a delay from one (Cartes et al., 2004) to two months (Hidalgo et al., 2008) presuming 118 that most hake prey were pelagic (euphausiids, clupeids) and they may reach high densities 119 after exploiting local phytoplankton blooms (Cartes et al., 2004) . 120
Ecological niche models (ENMs), also termed Species distribution modelling (SDM) ( environmental data from remote sensing and circulation models were used to apply the ENM 146 approach, with the aim of identifying the most suitable environmental conditions which could 147 promote the aggregations of 0-group hake in nursery areas. It is important to note that the 148 present modelling approach refers to potential -rather than effective -habitats since the 149 identified environmental conditions of nurseries are projected back onto space and time. The 150 distribution of the realized nurseries and the dynamics of recruitment should, at model level, 151
include other factors such as spawning stock biomass, connectivity from spawning to 152 nursery grounds, predation and/or fishery pressure. This work will nevertheless provide 153 relevant information to explain and monitor the environmentally-driven variability of hake 154 recruitment, as well as to identify priority protection areas of hake recruitment. 155
Materials and methods

156
The methodological approach used in our ENM is essentially composed of four main steps 157 (Figure 1) , namely: 1) identify the main life-history and ecological traits of 0-group hake 158 based on literature; 2) process biomass indices for hake recruits and environmental 159 covariates; 3) identify a suite and relevant thresholds of environmental variables related to 160 the recruits' lifetime to describe the nursery habitat characteristics and finally 4) develop a 161 habitat model to classify on a daily basis the degree to which each portion of the study area 162 (model grid cell) is either suitable or unsuitable for recruitment. All variables were projected 163 on the finest horizontal grid of the satellite ocean colour data which was used (NASA 164 MODIS-Aqua sensor), i.e. at the resolution of 1/24˚ (about 4.6 km). 165 166 167
Figure 1 Flowchart of the Ecological Niche Model (ENM) approach. 168
Biological traits of 0-group hake
169
This first step of ENM consists in gathering the relevant ecological traits of hake recruits as 170 regards to life stages and relation to their environment, starting with the identification of 0-171 group hake in our dataset. We used the main source of standardised information about 172 distributions, abundances and size compositions of the demersal resources in the region: the 173 MEDITS bottom trawl survey program (Bertrand et al., 2002 Albania, Greece and Cyprus) (Figure 2 ). 177
We considered as recruits those specimens that have settled on the bottom, becoming 178 available to the fishing gear in well-defined habitats at the end of their larval -pelagic stage 179 and which remain in these habitats before dispersing or migrating (Bartolino et al., 2008b) .
180
Due to the lack of large-scale studies on the dispersal behaviour of hake juveniles we 181 assumed that the 0-group of hake was composed of specimens recently settled on the 182 bottom and sharing similar habitat preferences. The spatial and inter-annual variability of the 183 first cohort total length (TL) (Figure 3 ) suggests that spawning period and growth rate are 184 variable, depending on regional trophic conditions in addition to differences in sampling time 185
(mostly from June to July with minor sampling in May and August , which is the most commonly 209 reported value for important nurseries, hakes from 8.5 to 13 cm TL (first and third quartiles of 210 all GSAs from survey) collected mostly in June-July (74% of hauls) were born 6.8 to 10.4 211 months earlier, i.e. from July-August to November-December of the previous year (see Table  212 1). Table 1 ). This is in agreement with 220 a seasonal minimum size of TL > 3 cm observed during winter and spring in the north-west 221
Mediterranean Sea (Lleonart, 2001 
2008). 246
Stating that 0-group hake have limited-mobility, we explored the range of favourable 247 environment conditions for most of the demersal life of recruits extracting on a monthly basis 248 the environmental variables of the grid cell corresponding to the selected hauls for the period 249 0 to 5 months before sampling (see also Table 1) . 250
Data processing 251
The second step of our framework focuses on the collection and suitable preparation of input 252 data for the model. 253
Biomass indices of hake recruits 254
The computation of abundance of hake recruits was performed using MEDITS data. The 255 biomass index (hereafter BI, kg.km -2 ) of each haul was calculated by only considering 256 specimens of the size classes below 15 cm TL, by converting size-class numbers per haul 257 into size-class weight per haul using the GSA-specific length-weight (LW) curve provided by 258 the literature and MEDITS regional coordinators (see 259 Table 2 ) and by normalising the total weight by the estimated swept surface. The biomass 260 index was preferred to the density index since the modelling refers to the feeding habitat and 261 to the trophic relationship between primary productivity and the growth of 0-group hake. The 262 third quartile biomass values (i.e. above 75 th percentile considering all GSAs from 1994 to 263 2011) were finally selected to encompass the optimal environmental conditions for the 264 growth of hake recruits in the most important regional nurseries. The selection of high 265 biomass levels was necessary since recruits are present at low levels in the majority of 266 hauls. 267 SeaWiFS resolution is double and CHL data were interpolated to the MODIS-Aqua's grid 279 (which was chosen as the model grid). We used one set of CHL data at a time to derive a 280 daily habitat and the sensor-specific habitat maps were then merged. This process allowed a 281 substantial gain of habitat coverage, similar to the gain obtained by the merging of CHL data 282 (~20%, Maritorena and Siegel, 2005) , in relation to differences in observing time and thus in 283 cloud cover. Daily CHL data were also pre-processed using iterations of a median filter in 284 order to recover missing data on the edge of valid data. The median filter and Gaussian 285 smoothing procedure (see Druon et al., 2012 for details) additionally allowed for the recovery 286 of ca. 8% of the CHL data. The relative gain in coverage is much higher after the gradient 287 calculation (CHL fronts) with +38% for the CHL gradients and +57% for the habitat coverage.
288
The front enhancement of daily CHL data was calculated with an edge-detection algorithm 289 which was showed to perform better than the histogram methods in detecting horizontal 290 gradients given clear viewing conditions (Ullman and Cornillon, 2000) . Note that the daily 291 time scale is required here to allow the identification of CHL fronts which would be blurred or 292 would disappear if using time-integrated data. If the daily data was used for front 293 computation, we extracted a 3-day mean CHL value in case daily data was unavailable in 294 order to substantially improve both the comparison with hake biomass and model coverage.
295
The 24 hours variability of CHL level was thus stated to be low. The minimum value of 296 chlorophyll-a horizontal gradient (gradCHL) in a 10 km-radius was also computed to 297 estimate the threshold above which chlorophyll-a fronts are defined as relevant for hake 298 nurseries. 299
Current velocity and temperature 300
As mentioned in the introduction, currents and temperature are likely to play a key role for 301 hake nurseries. While temperature may simply be a tolerance criteria for the habitat, the 302 relationship between hake recruits and Sea Surface Currents (hereafter SSC) is likely to be 303 complex and indirect since, on the one hand, SSC are likely to influence productivity 304 (chlorophyll-a levels and fronts) and, on the other hand, 0-group hake are likely to avoid 305 surface waters with high currents to remain in their preferred habitat. In contrast, young 306 hakes are always observed close to the ground during the day (Arneri and Morales-Nin, 307 2000; Orsi Relini et al., 1997) so that Sea Bottom Current (hereafter SBC) is likely to directly 308 influence their distribution. We therefore focused on SBC rather than SSC and investigated 309 specifically if SBC may impact hake nurseries through processes such as settlement at 310 seabed and food availability. Moreover, high bottom current velocities prevent from 311 deposition of the particulate organic matter and may limit 0-group hake feeding at seabed.
312
Hake recruits are indeed recognised to be distributed over seabed substrate with high 313 organic content (Maynou et al., 2003) and, reversely, to avoid sediment with very low 314 organic matter content (Lleonart, 2001 of data points between clusters, we used the Euclidean distance due to the normally set goal 365 of minimizing the within-cluster sum of square errors, and we computed the k-means as 366 clustering method (MacQueen, 1967) . In k-means clustering, the number of clusters k is first 367 chosen and the cluster centres are initialised randomly. Each data point is then assigned to 368 the closest cluster based on a selected distance measure (similarity) and updated cluster 369 centre. At each iteration step, the new cluster centres are computed as the mean vectors of 370 the assigned data points. These two steps, data point assignment and cluster centre update, 371 are repeated until the cluster centres do not change any more or until a sufficient number of 372 iterations are performed. The Matlab's k-means function was used with 500 iterations and 373 the Euclidian distance setting. We performed before clustering the z-score-transformation 374 (Berthold et al., 2010) where each data variable is normalised to zero mean and unit 375 variance to guarantee that each selected variable has equal influence for the minimization of 376 the within-cluster sum of squares objective function. 377
We tested sequentially from two to five clusters to conclude that four clusters described best 378 the dependency of hake nurseries to the selected environmental variables at the scale of the 379 Mediterranean Sea. The 5 th and 95 th percentile values were mostly chosen for the habitat 380 model because they represent extreme environmental boundaries and these values were 381 consistent with the clustering analysis. 382
Formulation of the Ecological Niche Model
383
Once the environmental variables are selected and the threshold values are set using the 384 dependency with hake biomass (mostly the 5 and 95 percentile values of high 0-group BI) 385 and the cluster analysis, the last step consists in defining the specific ecological niche of 386 hake nurseries through the areas of favourable feeding conditions (represented by CHL 387 concentrations and CHL gradient) and tolerances of seabed temperature and current 388 velocity. In order to classify the degree to which each cell is either suitable or unsuitable for 389 the recruits of hake, a function was formalised considering a daily favourable habitat in the 390 range from 0 and 1. The areas meeting daily the biotic and abiotic requirements of the 391 habitat model are then integrated during the demersal stage to represent at best the most 392 favourable environmental conditions of the 0-group hake sampled by the MEDITS surveys.
393
The preferred habitat of hake nurseries is therefore expressed as relative frequency of 394 occurrence and relates to the environmentally-driven potential development of 0-group hake 395 independently of mortality by predation and fishing. These differences between potential and 396 realised habitat impeded a classical validation exercise which compares the latter with the 397 species' biomass. We however compared the habitat occurrence for each quartile of BI as a 398 way to evaluate the capacity of ENM to depict the observed pattern of hake nurseries with 399 particular focus on the absence of false negative. Inter-annual trends of BI and potential 400 habitat integrated over the basin are shown to illustrate the year-to-year robustness of the 401 model. A qualitative validation is also proposed with maps of BI and potential habitat for 402 specific years. 403 .km -1 for MODIS-Aqua and SeaWiFS respectively. Both CHL and gradCHL at 430 the day of sampling showed no correlation with 0-group hake BI of the upper quartile 431 (r = 0.07, p = 0.01). These biotic limits, considered to be a first estimation of the model 432 parameters during summer, primarily represent mesotrophic areas of the shelf and shelf 433 break between the eutrophic waters under the influence of river plumes and the generally 434 oligotrophic oceanic waters. 435
Results
404
Biomass index and depth distribution
) of 0-group hakes (TL < 15 cm, histogram), total number of hauls 421 (dash line) and median BI values above the upper quartile (solid line). 422 423
Environmental variables during the sampling period
Since part of the 0-group hake are migrating vertically for feeding, we investigated the 436 potential tolerance of both the surface and near bottom physical variables on the biomass.
437
The comparison of SST/SBT during summer sampling for all the model grid cells from 38 to 438 324 m and the SST/SBT at the location of high recruit BI shows no particular difference for 439 lower limits (~0.15°C, Table 3 ). On the opposite, the SST and SBT 95 th percentile values of 440 hake nurseries is lower by 1.2 and 2.8°C respectively for the same depths and months than 441 the surrounding environment. SST and SBT at the day of sampling showed no correlation 442 with high 0-group hake BI. Hake nurseries thus appear to be strongly limited by high 443 temperature during summer, and especially near the seabed, so as to focus in this study on 444 SBT rather than on SST (also in agreement with the reasoning on SBC/SSC above). 445 SBC shows no correlation with hake BI during the sampling period (I r I < 0.02, p > 0. 05 
, plus dash line). 489
The cluster analysis resulted in a descriptive classification of hake nurseries at the scale of 490 the Mediterranean Sea (see Figure 7 and Figure 8 , cluster 3 and 4) are encountered on the mid-and outer 510
shelf where plankton productivity is higher together with the bottom temperature variability 511 (cluster 3-4) and bottom current levels (cluster 4). 512 
Habitat modelling and parameterization
524
The cluster analysis highlights the generally low trophic conditions of the deep -and often 525 productive -hake nurseries. At depths greater than ca. 130 m, nurseries are equally or more 526 productive and more persistent than at shallower depths due to the higher stability of 527 physical conditions and despite equal or lower CHL levels. With the purpose of realistically 528
representing highly different levels of trophic conditions in hake nurseries, we introduced in 529 the habitat model a second level of trophic habitat (sub-optimal) over which the abiotic 530 limitations apply. The optimal trophic habitat represents the larger frontal systems which, by 531 their size and persistence, identify productive water masses with potentially well-developed 532 food webs (most of clusters 2, 3 and 4). The sub-optimal trophic habitat refers to smaller -533 less productive -frontal systems which may be sufficient to sustain intermediate levels of 0-534 group hake biomass levels within an optimal physical environment (most of cluster 1). We 535 defined three threshold values for CHL and two for gradCHL that delimit the optimal, sub-536 optimal and unfavourable trophic habitat with daily values of 1, 0.3 and 0 respectively (Figure  537 9). The value of 0.3 was chosen as an ad-hoc value for the sub-optimal trophic habitat as it 538 represents a substantially less favourable feeding habitat (about 3-fold) than the optimal 539 trophic conditions (of value 1) and is markedly above 0. 540 541 Figure 9 . Definition of the three trophic habitats (unfavourable, sub-optimal and optimal, of 542 value 0, 0.3 and 1 respectively in the model) based on levels of surface chlorophyll content 543 (CHL) and horizontal chlorophyll gradient (gradCHL). The sub-optimal and optimal trophic 544 habitats refer to small and large productive frontal systems respectively. 545
As a result of the above considerations, the preferred habitat of 0-group hake has two levels 546 of trophic proxies (small and large CHL gradient and content), a preferred range of bottom 547 depth and bottom temperature and a maximum value of sea bottom current. The flowchart of 548 the habitat model translates into the following equation with a resulting daily favourable 549 habitat of value 0, 0.3 or 1 for each grid cell (refer to Figure 9 for the trophic habitat): 550 551 552
The model was parameterised using the preferred range of the selected environmental 553 variables consistent with high productivity of hake recruits. The large 5 th and 95 th percentile 554 values of the detected environmental conditions were chosen as boundary limits for suitable 555 nursery habitat (Table 4 ) because a) they are sensible values bearing in mind they 556 correspond to the upper quartile BI values of hake recruits during their development period 557 (0 to 5 months prior to sampling), b) these values agree with the interpretation made out of 558 the cluster classification Figure 7 and Figure 8 . A slightly wider range (2.5-97.5 th percentiles) 559 was selected for bottom depth to account for differences between MEDITS and GEBCO data 560 in shallow and deep environments. The intermediate thresholds for CHL and gradCHL were 561 chosen using the cluster analysis and the differences between the intermediate-high and 562 high hake biomass values in deep grounds (clusters 1 and 2). 563 Outputs of the habitat model 
Discussion
640
The availability of standardised indices of abundance by size of hake together with 641 environmental data covering wide areas of the Mediterranean allows the investigation of 642 relationships among 0-group hake abundance and the ecological factors that affect 643 recruitment dynamics in space and time. The use of the ecological niche model (ENM) 644 approach for modelling potential hake nurseries in the Mediterranean Sea provides a 645 synoptic view of the recruitment carrying capacity of this widely-spread species. The 646 biomass distribution of hake recruits can be explained by the balance between food 647 availability and hydrological tolerance over most of their lifetime near the sea bottom of the 648 shelf and shelf break areas. The large agreement of potential hake nurseries with the 649 observed distribution of recruit biomass in space and, to a lower degree, in time 650
demonstrates the robustness of using a modelling approach that is largely driven by a 651 species' ecology. Although no strict quantitative validation of the model is given, the quasi-652 absence of high 0-group biomass related to low potential habitat (model false-negative, 653 Figure 11 ) provides good confidence in the model results. The difficulty to strictly validate the 654 results is a limitation of the approach, together with the horizontal resolution (ca 4.6 km) in 655 archipelago areas (e.g. in the Aegean Sea and along the Croatian coasts) where the ocean 656 model is unlikely to capture the level of required environmental variability. 657
The high recruitment success of hake and the ability of this species to sustain important 658 fisheries may result from its biological and ecological flexibility. Hake spawning takes place 659 over extended time periods, recruits are found over large areas of the continental shelf and 660 the shelf break area, and hake is able to feed on a wide range of trophic resources (Lleonart, 661 2001 semi-permanent fronts and demersal resources and even a stronger link for fish preys of low 676 trophic level. The high resolution and integrated characteristics of biotic variables were in 677 particular recognised to favour sound predictive science in the field of demersal fish habitat 678 determination (Johnson et al., 2013) . Our results also support the hypothesis that low current 679 velocity at sea bottom would favours the settlement of hake post-larvae after their pelagic 680 stage and/or the feeding of hake recruits in habitat favouring the deposition of particulate 681 organic matter (Maynou et al., 2003) . More generally, this work suggests that hake nurseries 682 are preferably located where productive fronts frequently occur near the shelf break area.
683
While in movement, these productive fronts may stand long enough, i.e. for several weeks or 684 months, to sustain a full trophic chain and attract predators, including the 0-group hake. The 685 frequency of occurrence of these meso-scale features in the shelf break area may well 686 determine the carrying capacity of demersal nurseries. A particular case in the present 687 model is represented by the Central Adriatic Sea, where the main nursery of hake is situated 688 in the Pomo pit (Arneri and Morales-Nin, 2000) . In such area the nutrient-rich waters 689 generated in winter in the northern sector accumulate in this depression (Artegiani et al., 690 1997) , making the Pomo pit a peculiar site in the Mediterranean of strong nutrient re-cycling 691 processes. 692
The link of the 0-group mean biomass with total landings one year later since 2003 suggests 693 a higher relative catch of age-1 specimens and increased fishing pressure after the sharp 694 decrease of total landings after the mid-1990s (Figure 14) . In addition, hake landings for 695
Spain, Italy and France decreased by 28% in 2012 compared to 2010 (STECF, 696 https://fishreg.jrc.ec.europa.eu/web/datadissemination/home) which correlates with the 697 substantial decrease of 0-group biomass and preferred habitat in 2010 and 2011. This 698 decrease in the 0-group recruitment could be due to an environmental pressure -a lower 699 frequency of productive fronts likely in relation with the enhancement of the seasonal 700 thermocline -which may have strongly limited the availability of food for recruits. Note that 701 fishing mortality of recruits should have decreased since 2010 with the legally-binding use of 702 a larger mesh size in EU countries. 703
The MEDITS surveys represent an appropriate sampling strategy since they cover most of 704 hake nurseries of the northern Mediterranean Sea with a standardised protocol and 705 sampling generally occurs after the most favourable period for recruitment (see Figure 13 ).
706
The habitat model reveals in addition important potential hake nurseries with good spatial which is an essential element for further understanding the ecology of that species and 712 contributing to identification of stock boundaries of hake in the Mediterranean. Past studies 713 based on trawl survey data have identified important hake nursery areas in the 714
Mediterranean but the findings reflect the situation during the sampling season; thus only 715 temporal "snapshots" were provided. The approach followed in the current study allowed to 716 describe most of the variability of nurseries even if, as mentioned above, potential and 717 effective habitats show differences notably through the mortality by predation and fishing. A are particularly important for hake recruitment since they appear to be favourable areas even 725 under severe environmental pressure such as in 2011 (Figure 10) . 726
The convergence, front formation and near bottom stability at the shelf break can all be 727 factors helping small sized hake to avoid dispersion towards unfavourable habitats after the 728 bottom settlement. The limited horizontal mobility of 0-group hake of about few model cells 729 of ~4.6 km over several months thus infers that the seasonal integration of potential habitat 730 represents what the sampled fish experienced in terms of environmental conditions. 731
